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Inelastic-neutron-scattering experiments have been performed to study the spin-excitation spectrum in the
overdoped regime of the high: superconducting system YBau,Og ., ,, X=0.97. All the observed magnetic
fluctuations are peaked at the antiferromagnetic wave vector. In the superconducting state, the magnetic
response is restricted over a limited energy raffige=33—-46 meV. The imaginary part of the magnetic
susceptibility is characterized by two contributions defined by diffecemtidths and different temperature
dependences. A resonant contribution, which displays a narrqwerdth, appears to be connected with
superconductivity. The two contributions can be accounted for in the framework aftthd model in the
presence of superconductivity. The main new feature in the overdoped regime is the partial disappearance of
magnetic correlations for temperatures above the superconducting temperature.

I. INTRODUCTION doped regime0.65<x=<0.94), this spin-gap energy is related
to T. asEg~3.4kgT, . In the weakly-doped regim@ <55
The persistence of antiferromagnetieF) fluctuations in - K or 0.4<x=<0.65, Eg is much smaller and is sensitive to
the superconducting state of high-cuprates is one of the small variations inl.: a change ifT. from 45 to 51 K leads
most striking features in these materials. The knowledge ofo a change irEg from 2.5 to 5 meV. As these two samples
the wave-vector and energy dependences of the imaginatyave nearly the same oxygen content, the changgsiican
part of the magnetic susceptibility,(Q.%w), is of the most  be understood as a result of a specific ordering of oxygen in
importance when building up an appropriate theory forCu-O chaingi.e., related to the real number of holes trans-
high-T. superconductivity. With the availability of suffi- ferred in CuQ planes. Note that superconducting samples
ciently large single crystals, a considerable amount ofvith good homogeneitysharp transition af;) always ex-
inelastic-neutron-scatteringINS) experiments have been hibit a clear gap in the magnetic response.
performed= in order to characterize the dynamical mag- The temperature dependendg;(T), is not fully estab-
netic correlations in all typical regimes of the cuprate phasgished: when increasing temperature, there is no signBhat
diagram. Magnetic fluctuations are observed to be eithegecreases. However, magnetic scattering appears below
commensurate peaked at AF wave ved@g=(m,7) inthe g _(T=0) upon raising the temperature, filling the gap com-
YBa,CuOg . (YBCO) system~ or INCOmMMensurate away  pjetely at a temperaturky always larger thai, .7 This
from Qa¢ in the Lg_,SKCuQ, (LSCO) systent. However, Ipoint has been interpreted as resulting from the opening of a

assuming that magnetism probed by INS experiments is co seudogagin the spin-excitation spectrum atis because
related with the charge carriers, these apparently conﬂictin§n gap P pe NS
INS results reflect the difference in the Fermi surf4E&) e weight of low-energy AF fluctuations starts to recede at

topology? The Fermi surface in YBCO, which has been ob- Tins With decreasing temperature. It is_, impo_rta_nt to notice
served using angle-resolved photoemission spectroscogat the pseudogap behavior of the spin-excitation spectrum
techniqué is clearly different from the usual FS shape does not preclude any temperature dependence of the spin

which is expected from the simple tight-binding model for 9apEg(T).
single CuQ layer system like LSCO. Furthermore,®3Cu nuclear magnetic-resonan¢BMR)

In the metallic state of YB& 04, System, INS has studie§ have revealed that the relaxation rate does not follow
established the existence of anergy gapn the imaginary & Korringa law, as a consequence of AF fluctuations at the
part of the spin susceptibilityspin gap (see Ref. 1 for a copper site. Actually, I, T exhibits a maximum at a tem-
complete review at low temperature, no intensity can be peratureTyyg which is larger tharT . in underdoped regime
found below some characteristic ener@y; . In the heavily  (x<0.94 whereas in overdoped regint8.94<x<1). Tur
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almost coincides with the superconducting transition. Thus, Il. EXPERIMENTS

this behavior also reveals the existence of the pseudogap in
the spin dynamics but only in the underdoped state. There-
fore, both techniques suggest that there exists a pseudogap!NS experiments provide the energy and the momentum
effect in the spin-excitation spectrum in the heavily dopeddependences_ of the Imaginary part of the dynamical mag-
regime at a temperature which appears to be the same in bo¢tic susceptibility. In terms of"(Q ), the magnetic cross
experiments(T,r=Ts, see Horvaticet al®). However, section can expressed via the detailed balance

the question whether or not these temperatures also coincide ,

A. Neutron scattering

) . . 1 -
in the weakly doped regime remains unclear. T « 2 F 2 Ok

In the superconducting state, INS experiments have als@(} dfiw (QIFQI 1—exp(—hwlkgT) X (Qfhw),
shown thaty’(gar iw) is characterized by a strong enhance- @

ment of the intensity at some energy, observed aE, =41 . .
meV in x=0.92 sampl€.As this enhancement is almost en- Wheref(Q) is the magnetic form factor for a €tiatom and

ergy resolution limited, it looks like zesonancefeature and F(Q) is the inelastic structure factor. In t_he metallic state of
exhibits a narrowen width than the magnetic response at YBCO, the wave-vector dependence ¢fis usually found

other energies. Moreover, this resonance might be relevantf?JmOSt_'ndelPl%ndent of the_energy transfefter resolution
superconductivity since it abruptly vanishes at the superconqorrecuon$' Here, a noticeable change of tie shape

ducting transition, in contrast with the other part of the mag-/€rsusfw is observed around the resonance energy. Never-

netic susceptibility. Its intensity decreases on increasing tenf"€!€ss, we still assume to split into two terms theepen-

perature, buE, remains located at the same energy. Due tdi€nce ofY’ from its fiw dependence. Thus, singé(Q fiw)
; gan be parametrized by a simple Gaussian line in(11€)

. ’3 . .
temperature dependence of the total spectrum resemblesdjection ofq space,” it can be written as

transfer of intensity from around, to below the spin gap.

In the overdoped regime, controversies exist in the litera-
ture concerning the existence of the spin gap and the shape
of . On the one hand, Rossat-Mignetlal® have reported
on the existence of a spin gap in YBE&Eg=26 meV and whereq,-=1/2 and4, is the full width at half maximum
a resonance peak aroud~40 meV. The thermal behavior (FWHM) of the magnetic intensity at fixed energy transfer.
was mainly analogous to that measured in the underdope#ictually, the measured intensity is the convolution product
regime, except that no pseudogap was observed. Magnetid the above cross sectidd) with the spectrometer resolu-
fluctuations at low energy are restored agyichasses through tion function. Because, the triple-axis resolution function is
a maximum afT,. On the other hand, Mookt al.> using  generally assumed to have a Gaussian shape indatidg
polarized neutrons, claimed that the spin-excitation spectrurapaces, the parametrization forf® has the advantage of
consists only of an excitation at 41 meV which is strongly being analytically deconvolvetiHowever, a squared Lorent-
temperature-dependent superimposed on a weak constarian, which is generally used in two-dimensional magnetic
continuum which is measured at all energies. These two corsystem, can fit the scan as welt® Actually, as there is no
flicting results have at least one common characteristic: it ilear physical reason to choose one shape or the other, we
established that magnetic excitations are found at low temhave used the Gaussian li® for the sake of simplicity.
perature around 40 meV, and this peak exhibits a clear INS experiments were carried out on the 2 T triple-axis
change in intensity at. spectrometer installed on a thermal beam located at the Or-

In order to check carefully some key points in the behav-phee reactor in Saclay. Pyrolytic graphi®G002 as well as
ior of ¥'(Q,hw), we have performed unpolarized INS experi- copper(Culll) crystals have been used as monochromators
ments on a different YBCO sample in the overdoped stateand a PGO002 crystal as analyzer. In order to increase the
x=0.97. Our results appear to be similar to our previousneutron flux at the sample position, monochromators and
measurements but with important quantitative correctionsanalyzer focus the neutron beam horizontally and vertically.
Basically, ¥’ is found to be characterized in the supercon-Curvatures are fixed and optimized for an average value of
ducting state by a strong peak around 39 meV which occursommonly used incident and final wave vectors. A detailed
above a spin gap located at 33 meV. The main result is thalescription of such improvements on this spectrometer has
correlated magnetism has almost vanished abbyeOne  been recently emphasiz&tPG filters are employed to sup-
has to underline that this leads to a quite different picture apress higher-order contamination in the diffracted beam with
compared to underdoped samp¥swhere AF correlations fixed final energyE;=35 meV(k;=4.1 A™1). No correction
remain observable well above, . for higher-order contamination in the monitor has been per-

The paper is organized as follows: in the next section, thdormed as is usually the case when working in such a wave-
INS experiment is presented. In Sec. lll, we first discuss howector range on thermal beam. On the other hand, due to the
the magnetic susceptibility is extracted from neutron intensicurvatures of the monochromator, a correction of the data
ties and we then present the characteristicy’ofexistence  should be, in principle, made as a consequence of the change
of the spin gap, high-energy cutoff, wave vector, and tem-of the focal point when moving the incident energy. This
perature dependengess measured by INS in the metallic effect, which is partly taken into account by the monitor,
overdoped regime of YBCO. In the last section, a comparitequires a correction which is negligible here due to the
son is made between theoretical predictions for the energgmall energy window of interest 30—45 meV. No collimators
profile of the imaginary part of the magnetic susceptibility. were used, yielding an energy resolution width which is
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equivalent to that of a conventional spectrometer with 40/40/

40/40 collimations. Typical resolution FWHM values a&e& 400 F YBa Cu 0
=4.7 meV,Aq=0.1 A~ for a longitudinal scan using Cu111 350 2 3 6.97
monochromator for a final wave vectef=4.1 A%, an en- 300 [ a) ho=47 meV |
ergy transfer ofiw=30 meV and a wave vect@®=3 AL E
~ 250 . }
e o0 i Q=(q,9,5.2)
B. Sample characterization = 3 T= 45 K
The YBCO;, single crystal, which has also been used in é 150 ! Ib') ' hul)=37 'm'e\', ' k___4|1 X
previous phonon measuremefttéias been grown by a zone- ~ - f
melting method by the Hoechst Company. An ac- Z 600 Q=(q,q9,5.2)
susceptibility measureméntrevealed an onset supercon- 2 i
ducting transition aT ;=92.5 K with a sharp transition width -g 500 |
of less than 1 K. The orthorhombicity, expressed as BOO( = r
—a)/(b+a)=0.1685), is in agreement with powder- S C
diffraction measurementsfor fully oxidized samples. This £ 400 ¢
as-grown crystal belongs to the overdoped regimd as 2

reduced from 94 K* The lattice constants, determined at 300 ‘
room temperature, wer@=3.8222) A, b=3.8862) A, and

c=11.6785) A. By comparison with powder-diffraction N i
datal® the oxygen content may be estimated »at0.97 % 200 o—m
+0.02. & r
The sample has the shape of a half cylinder with a 0.6 cm £ 2500 ¢
volume. It is mainly composed of two grains misoriented by > 3
about 2°. The two parts exhibit almost the same mosaic . 2000 |
spread ~1.5°. Since the spin fluctuations are weakly corre- 2 -
lated (typically one or two unit cells in this overdoped state £1500
this crystalline defect as well as the orthorhombicity do not g - T= 45K
affect our measurements. The sample was clamped to an Al = 1000 0 0’25 — ‘0_'5‘ — 0'75 -
grid and attached to the cold finger of an ILL-type cryostat. 2 q (rlu)

It was mounted with(110) and (001) directions within the
horizontal scattering plane. The temperature was measured
and controlled by a carbon or a platinum sensor dependinge
on the temperature range. !

FIG. 1. Q scans across the magnetic rod at fixed energy trans-
s: (a) hw=47 meV atT=4.5 K. (b) Aw=37 meV atT=4.5 K
(closed circles and T=117 K (open circles The contribution
peaked aj=0.75 is a usual spurious peak due to some incoherent
IIl. DYNAMICAL MAGNETIC SUSCEPTIBILITY process on the Culll monochromé&feor instance, see Ref).3c)

_ fiw=10 meV atT=4.5 K. The lines are fits as explained in the text.
A. How the magnetic intensity is extracted

For an oxygen content larger thar=0.8, magnetic scat- (i) Performingq scans across the magnetic rod at fixed
tering in the superconducting state of YBCO has been founeénergy transfer allows to separate flat contributions from cor-
above the spin gafEg, located above 25 meV. Thus, we related intensity peaked &,r. Figures 1a)—1(c) depict
have focused our investigation on a restricted energy windowuch q scans in the(110) direction performed at energy
between 25 and 50 meV where magnetic intensity is extransfersiw=47, 37, and 10 meV, respectively. Aw=10
pected to dominate from prior investigation§>'°Besides, and 47 meV, no peak af=0.5 is seen in these scans mean-
YBCO has a Cu@bilayer structure, and only in-phase ing no magnetic correlations at these energies.

“acoustic” magnetic structure factor has been observed so (ii) Similarly to Figs. 18 and Xc), the scan atiw=37

far. This AF structure factor exhibits maxima along the AFmeV atT=117 K [Fig. 1(b)] indicates very small intensity
rod Q,r=(1/2,1/2q,) at q,~1.6 andqg,~5.2. Then, to ex- peaked atj=0.5 in contrast with the same measurement per-
plore the energy range of interest, scattering kinematicéormed at 4.5 K where an intense component obviously ex-
make it necessary to move out arougge5.2. Unfortu- ists atQae. This new feature has important consequences
nately, as it has been stressed in previous studies of magnetiad indicates a rapid decrease of AF correlations upon heat-
fluctuations in the YBCO systen, energy scans performed ing. Indeed, the temperature dependence of any nuclear con-
at the AF wave vectoR,-=(0.5,0.5,5.2reveal a quite com- tribution is only expected to obey the following standard
plex line shape whereas nuclear contributions constitute theemperature factor[1—exp(—%w/kgT)] . In the energy
main part of the neutron signal. Especially, around 20 meVrange of interest, this factor is unity for temperature smaller
large nuclear contributions occur®which prevent an accu- than 117 K(=10 me\). Then, all the part of the neutron
rate determination of the magnetic scattering around this erintensity which changes with temperature beldw117 K

ergy when the AF correlations are not strong enough. Theorresponds to magnetic fluctuations.

main experimental difficulty is then to extract the magnetic (iii) Furthermoreg scans performed at higher tempera-
intensity from these nuclear contributions. Several argumentires (T=150 and 190 K at Ao=37 meV (or at Aw=39

are used to address this point: meV) show no change from what is measuredrat117 K



53

indicating that no correlated magnetic signal does exist
above T=117 K, or at least is too small to be observed.
Minute magnetic contributions may indeed exi6&20
counts within the error bars at =117 K[see Fig. 1b)]. So,

from theseq scans at fixed energy transfer and their tempera-
ture dependence, one can distinguish the magnetic contribu-
tion from the background.

(iv) The next point is to obtain the background for all
energies. As neutron intensities can be found peaké,at
which are not related to magnetic fluctuations, the simple
wave-vector-dependence argument cannot be used for all en-
ergies. Then to solve this problem, we use the fact that the

magnetic response in the previous measurements has always

been found to be quite monotonic as a function of energy
aboveT=100 K for all oxygen contents. Therefore, the neu-
tron intensity which is peaked at the AF wave vector and
which persists aT=117 K in this overdoped regime cannot
be of magnetic origin.

(v) Thus, using the above arguments, we will use the en-
ergy scan obtained at=117 K [Fig. 2(@] as the nuclear
contribution or background to determine the correlated mag-
netic contribution. Then, the imaginary part of the magnetic
susceptibility[Figs. 2b) and § has been obtained by taking
differences between energy scans measured b&eh00 K
and the energy scan measuredlrat117 K. This method to
separate the magnetic part from the nuclear part may only
underestimatéF fluctuations. Also, it has to be stressed than
such a procedure of background subtraction may give limi-
tations about they” shape in case of very weak magnetic
signal.

The above discussion implies some comments akigut
the energy shape of the “background” afid) the previous
results. The energy scan performedTat117 K, shown in
Fig. 2(a), indicates the presence of two peaks at 30.5 and
42.5 meV in addition to the large smooth nuclear contribu-
tion spread over the whole spectral range. From what h

spond to phonon contributions. Thejrwidth would then be

Neutron intensity (Mn=5x106/10 mn)
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FIG. 2. (a) Energy-scans atr,7) position atT=4.5 and 117 K

obtained with the Cul1ll monochromator. The increase in intensity
of the lower energy paiiwo=25-27 meV is only due to a broad-

; a@ning with increasing temperature of the nuclear contribution cen-
been said above, we conclude that these two peaks COIMEsad athw=21.5 meV(see Ref. L (b) y

" (Qar ) obtained from

the difference from the energy scanTat4.5 and 117 K(see text

related to their dispersion from the two sides of Brillouin- () FwHM q width in (110 direction obtained either from the

zone boundary if110 direction. However, as phonons are ifference ofq scans aff =4.5 and 117 K or from scans &t=4.5
actually found to be almost dispersionless in this frequencx at an energy free from nuclear contributions. The resolution

range!® phonons do not seem to account for telepen-

dence of these two peaks. However, as recently pointed oglides for the eye.

by Fonget al.'® the peak at 42.5 meV is reliably related with

a dispersionless phonon mode but witlj-@lependent struc-
ture factor yielding an apparent width in agreement with

the measurements. Here, being mainly interested in the mag®'"e!
netic response, we consider these contributions as part of tH&Ncen

width is quite constant in thi® range(Aq=0.1r.l.u). The lines are

final conclusions. For instance, in our YBgE) study, the
clear temperature dependence at 30 meV indicates that AF
ations do exist at this energy for this oxygen
tratior:'° Similar analysis has been performed re-

nuclear background. The upper nuclear peak at 42.5 me@ently by Fonget al’® to get the magnetic scattering at the
was already observed and taken into account in our previou¥ave vectoQ=(1.5,0.5,1.7 where the phonon peak at 42.5
YBCO, study"® but the contribution at 30.5 meV had been meV is much weaker but the peak around 30.5 meV still

previously incorrectly incorporated as magnetic correlation
This had led tqi) a smaller spin gap and) a largerq width

change with temperaturgsee Fig. 2a)] in contrast to the

S_GXIStS.

In the following, we will analyze and discuss the mag-
Aq=0.3 r.L.u. Actually, this contribution at 30 meV does not Netic response as determined from the above-mentioned

method. We will consider successively the energy, wave-

magnetic part. This last nuclear contribution exists at all oxyVector, and temperature dependencey'@Qar /iw).

gen contents and therefore it implies corrections on the de-
termination of magnetic contribution for all oxygen contents.

B. Energy dependence oy’(éAF Jiw)

Fortunately, in the case of lower doping, the magnetic re- Figure Zb) shows)\/’((ﬁAF ,hw) obtained aff=4.5 K, lo-
sponse is stronger and such a correction does not affect ogated well belowT.. Quite surprisingly, the magnetic re-
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YBa Cu 0 energy. Therefore, this cutoff effect is enhanced in the over-
2 3 697 doped regime, strongly reducing the energy range where AF

150 R correlations do exist. We will show later that such an effect
- h @=33 meV ] corresponds to the vanishing of one type of magnetic fluc-
100 | Q=(q,9,5.2) tuations when going from the underdoped regime to the
' ] overdoped regime.

Performing the same treatment on our previous YBCO
datal® for which the energy scan performedTat 150 K has
been taken as the background, yields an imaginary part of the
dynamical susceptibility with a spin gag;=32 me\) and
a cutoff (E.=43 meV).2 In the stoichiometric samphe=1,
the magnetic correlations appear over a more restricted en-
ergy range than in th&=0.97 sample as a consequence of

o

(45 K - 117 K) (Mn=5x10%)
o
o

<100 ; ] being more overdope(.e., the number of holes in the CyO
) h©=30 meV planes continues to increaseHowever, in our previous
100 -~ Q=(q,q,5.2) k=44 A" ] YBCO, sample,T. was found to be 89 K due to an addition
i ! ] of 3.5% of Sr impurities at the Ba site leading to a small
g 50 - } ] reduction ofT; by a couple of degrees. Then, the slight re-
< duction of the energy of the AF fluctuatiofise., roughly the
g oL + l l l{ ; l }- energy of the resonance pefad~38 me\) may be linked to
5 I [a] I | I ] the small reduction inT.. Obviously, the same reasoning
.50 "_T T J H J T [ 1 T} % T I k applies to the reduction of the spin-gap value.
F 1 All neutron measurements confirm the absence of a siz-
i able AF signal at energies below the spin gap at low tem-
-100 0 0;5 — '0'5' “o7s 1 perature. Figure (t) shows aq scan performed at an energy

hw=10 meV at a temperatur€=4.5 K (T/T.~0.09 and
with a monitor count eight times larger than the measure-
ments at higher energy. Within the error bang peaked
FIG. 3. Difference betweeq scans in(110) direction obtained  signal could be detected, indicating that either the magnetic
atT=4.5 and at 117 K for two fixed energy transfére=30 and  response is uncorrelated, or that it is very weak. Conse-
33 meV. The lines are fit to a Gaussian function as given by(Bq. quently, INS experiments would agree that a spin gap opens
3agso in the overdoped regime in the range 32—-35 meV. For
l stance, assuming that the continuum intensity reported in
e superconducting state by Moekal? is either uncorre-
lated or nonphysical, one may estimate a spin gap at
Eg=35+2 meV from their measurements for a sample with
an oxygen content close to our sample as deduced from the

sponse is restricted to a small range in energy between
and 46 meV. It has to be stressed that this energy range
larger than the resolution energy widthe'®*=4.7 meV. y’
displays a well-defined maximum &tw=39 meV and a
shoulder around 35 meV. These two features will be dis

cussed latter when considering t@e andT dependences of i ; .
X'. Nevertheless, let us stress here that the peak at 39 meV,T§ valu_e (Tc=92.4 _IQ and the Ia_ttlce constants. But, In con-
trast with our previous conclusidr?, the spin gap continues

called theresonanceand corresponds to the major feature ofto ncrease with dopind goind from the underdoned regime to
the spin dynamics in this overdoped regime. It has been re; ' ping going P 9

ported around 40 meV in all INS measureménts® % ¥or the overdoped region of the phase diagram.
x>0.9.

The magnetic response is limited on the small energy side
by a spin gap at E;=33+*1 meV which is defined as Theq scans in(110 direction, either directly measured at
previously"’ by the inflexion point iny’(w) curve (to ac-  low temperature or from the difference @fcans obtained at
count for thew width of the resolution The lack of signal different temperatureffor energies where “phonon” contri-
below 31 meV is unambiguously demonstrated by a combution exist, have been analyzed in terms of a Gaussian
parison of differences betweenscans afl=4.5 and 117 K, functional form. From a best fit to E¢2), one may deduce
for energies located below and above the gap. Figure &eq width (FWHM) Aq as a function of energy. The result-
shows such differences for two energy transfeds=30 and  ing dependencAq(w) is reported in Fig. &). Aq displays a
33 meV. Clearly, a signal peaked &, with a FWHM  well pronounced minimum around 32 meV. Between
Ag=0.23+0.02 r.l.u. is observed at 33 meV whereas nothinghw=37 and 41 meV, the FWHM is almost constant, with a
is visible at 30 meV. value Ag=0.14+0.01 r.l.u., which gives after a simple

In agreement with our previous YBG@nvestigatior® ¥’  Gaussian deconvolutiong=0.23 A1 (FWHM) whereas
is also strongly depressed on the high-energy side definingene hasAq=0.22+0.02 r.l.u. away from this energy range,

“ cutoff’ energy, E,=46 meV. This fact is illustrated from a leading toAq=0.45 A"! (FWHM) after Gaussian deconvo-

g scan performed atw=47 meV [see Fig. 1@] which lution. The narrowing of the spectrum inspace reveals the
shows no trace of a correlated signal aroapgd=0.5. How-  existence of theesonancdeature aE, =39 meV[Fig. 2(b)],

ever, in underdoped states-0.92 (Ref. 7) andx=0.83an  in an energy range which is almost controlled by the energy-
AF response has been observed at an energy transfer as higsolution width. This resonance feature has been observed
asfw=50 meV but with a smaller magnitude than at lower at a slightly larger valu&, =41 meV in YBCQ o, but with

C. Wave-vector dependence of"(Q.Aw)
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200 Ll vl it

(r.lu) FIG. 5. Q scans across the magnetic rodgt3.8, iw=37
meV andT=4.5 K. The line is a guide for the eye.

FIG. 4. Q| scans along the magnetic rod for fixed energy trans-magnetic intensity on raising temperatuie), the decrease of
feriw=37 meV atT=4.5 K (closed circlesand afT=117 K(open  magnetic scattering when going from the underdoped regime
circles. The solid line is a fit by a magnetic "acoustic” modulation tg the overdoped regim@This last point is also documented
structure facto=(Q)? (see text times the C&" form factor plus by aq scan in the(110 direction performed ag,=3.8 and
the backgrounddashed lingas measured &t=117 K. low temperaturgsee Fig. 5, which showsno correlated in-

o o N tensity aroundQ,r as a result of the magnetic “acoustic”
very similar characteristics. In addition to the resonancenodulation, very weak at this value gf.

peak, a second contribution is detected over a broader energy
range(between 32 and 46 meg\which is associated with an
intrinsic g width twice as large. This latter contribution has
also been observed in YBGQ, '*° however over a broader ~ Figure 6 shows the temperature dependence of the imagi-
energy ranggbetween 27 and 50 mé\and with a larger hary part of the magnetic susceptibility measured at the an-
intensity (about a factor 2.5 after normalizatit9h An esti-  tiferromagnetic poinQ g, for temperatures located both be-
mate of the associated intraplane AF correlation lengths calow and aboveT .. ¥'(Qar fiw) in Fig. 6 has been obtained
be obtained from the approximate relatign2/Aq, which  after subtraction at each temperature reported in the figure by
gives reduced valuea=2.2+0.2 andé/a=1.1+0.1 for the  the energy scan measuredTat117 K. The data obtained
resonant and nonresonant partsytf respectively. below T, exhibit a nonmonotonic temperature dependence
Another interesting feature of YBCO is the existence of awhen raising the temperature from 4.5 up to 95.6(l¢.,
strong AF coupling between spins in adjacent layers as alightly aboveT,). The peak at 40 meV associated with the
result of the bilayer structure of Cy@lanes in YBCO:™®  resonance indeed decreases continuously whereas, for in-
The magnetic inelastic structure factor in the metallic state oftance, the shoulder detected at 35 meV at low temperature
YBCO in Eq. (1) follows the acoustic modulation of mag- seems to first increase on increasing temperature, passes
nons in the AF stateF(Q) =2 sin(wzq), wherezc=3.38 A through a maximum around 40 K and then decreases again.
is the distance between @) atoms located in adjacent lay- In other words, the shape gf’ is not preserved when in-
ers. Aq, scan in thg001) direction(i.e., along the magnetic creasing the temperature. Therefore, it confirms the existence
rod) at low temperature and the same scan obtained aif two differentcontributions in the magnetic response be-
T=117 K are shown in Fig. 4 aio=37 meV. It indicates cause the temperature behavior of the resonance peak is
that no modulated intensity is measurable Tat117 K.  markedly different from that at other energies. However, the
Again, taking the difference between these two scans dendata can be described by a single peak but with a less satis-
onstrates that the AF coupling between the tw@ZTlayers  factorly fit. Therefore, due to the lack of statistics, new ex-
remains unaffected even in this overdoped regime. This picperiments should be achieved to completely ascertain this
ture is in sharp contrast with our previous stlidfthe over-  point.
doped regime where a weaker AF coupling between the two Figure 7 displays the temperature dependence of the reso-
Cu(2) layers has been deduced. Actually, this result had beenance peak intensity measured at an energy trarisier40
obtained from &, scan performed &w=30 meV where it meV. In agreement with previous data by Rossat-Mignod
is now clear that the intensity is not magnetic in origin. Here et al® and Mook et al,? the resonance peak undergoes a
a full modulation along001) direction of the magnetic scat- clear change al., above which temperature the scattering
tering is indeed observed at all energies where AF correlaremains constantvithin the error bars, at least up to 190 K
tions exist[i.e., for energies reported in Fig(l8]. Further- from our new datdsee Fig. 8 Further information has been
more, as the measured intensitygat=3.3 or 6.6(which are  obtained from the temperature dependence aicans per-
nodes of the magnetic “acoustic” modulatiordoes not formed at the same energy. We show in Fig. 8 typical results
change with temperature, no weakening of the bilayer couebtained at 4.5, 117, and 190 K, which all indicate peaked
pling can be invoked to explaifi) the sharp decrease of the contributions atQ,e but with very differentq widths: Aq

D. Temperature dependence OM(@AF Jw)
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FIG. 7. Temperature dependence of the neutron intefsfign
circles at the AF wave vector near the resonance endérgy 40
meV and Q=(0.5,0.5,5.2, closed circles are points fror(g,q)
scans. The line is a guide for the eye.

more surprising since the superconducting properties of their
sample(e.g., the value ofT.) are not very different from
those observed in our sample.

The temperature dependenceAdf (Fig. 9) has been ob-
tained after subtraction of the parasitic temperature-
independent contribution. Within the experimental error bars,
Aq appears constant beloW,. Unfortunately, as magnetic
fluctuations are strongly reduced, no information could be
obtained abovd ...

Due to its temperature dependence, one can conclude that
this resonant contribution tg"(Q,%w) observed only below
T, is adirect manifestation of the opening of the supercon-
ducting gap. The second contribution ¥(Q,%w) (i.e., the
nonresonant paris also enhanced by the presence of super-

different temperatures. It has been obtained from the difference b‘:{fonductivity because it seems to vanigh at least to be-
tween energy scans performed at different temperatures as indicat%g)me very éma]laboveTwloo K as well. This is in sharp

in the figure and the energy scan measure@i-ai17 K [as shown
in Fig. 2@]. The solid lines are guides for the eye.

=0.19 and 0.24 r.l.u., beloW, and aboveT .., respectively.
From the evolution of the intensities at=117 K as a func-
tion of wave vector and enerdggee Fig. 1b) and 2a)], we
have attributed this residual intensity aboVg as arising
from the 42.5-meV-phonon peak previously identified in the
beginning of this section. This could explain the very weak
temperature dependencies observed aliqvéat least up to
190 K) in the various energyy,, and g scans. The same
conclusion has been reached recéntlyy measuring the
magnetic scattering aQ,=(1.5,0.5,1.7 where the 42.5
meV phonon peak is absent. Thus, the abrupt changg in
width reported afiw=41 meV in Ref. 2 usingunpolarized

neutrons appears nonphysical, because the scattering de-

tected abovd; (i.e., related to the largekq) is dominated
by a nonmagneticcontribution. Nevertheless, despite this
difference in analysis, as far aswidths are concerned, our

contrast to what has been observed in the normal state of
underdoped YBCO.

~ 800 )
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raw data appears in good quantitative agreement with those

reported in Ref. 2. To the contrary, the FWH#§width ob-
tained by Satet all’ (Aq~0.35 r.L.u) at Aw=36 meV and

FIG. 8. Q scans across the magnetic rodgt5.2, hw=40
meV, andT =4.5 K (closed circlesor T=117 K (open circles The

T=10 K in a YBCQ; o sample, is about two times larger contribution peaked ay=0.8 is the same spurious peak as in Fig.

than all other reports in this system for-0.8. This is even

1(b). The lines are fits as explained in the text.
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this contribution(shape in energy, energy scalescauld not

0-2 be obtained from the present experiments. Such a weak mag-
Q=(9,9,5.2) netic scattering observed aboVe is different from what is
0.16 - } measured in the underdoped regirfet®where intensity be-
9! I T low the spin gap is easily observed abodve
:-.f 0.12 lf {) I T To discuss the existing theories that propose a description
= [ of the spin dynamics in cuprates, we shall compare the en-
0.08 | ergy and wave-vectawshapef '(Q.fw), as calculated fol-
<7 ® ho= 37 meV lowing several approaches, with our experimeta o).
o ko= 40 meV It is now accepted that a realistic model which can describe
0.04 |- the magnetic groperties of cuprates is the three band Hub-
i bard model®?° It can be developed in the limit of strong
o s S SRR NSV RSP coupling when the Coulomb repulsion on copper site is
0 20 40 60 80 100 larger than the hopping probability of holes associated with
Temperature (K) the copper sitgso-called Zhang-Rice singfé}. In such a

case, the Hubbard model is reduced to the so-caiidd
model or thet-t"-J model when next-nearest-neighbor hop-
FIG. 9. Temperature dependence of FWHMvidth in the(110) ping term is taking into accouR?:2? Depending on the ap-
direction athw=37 meV(Closed Cil’cle}sor atfiw=40 meV(Open prox|mat|0n used to treat |t, thet'_J model may account
circles. Aq has been deduced from differences frqracans atlow  quite well for many aspects of the spin dynamics in both
temperature an@ =117 K for the latter energy. LSCO and YBCO Systerrfé).

Therefore, comparatively to the underdoped regtfhie, A. Existing theories for ¥'(Q /i)

the overdoped regime, the magnetic intensity abdyeis Let us consider the theoretical existence of the spin gap in
doubly reduced, first due to intrinsic decreasexdscreases the magnetic susceptibilityy”(Qar fiw). Several theories
and second due to the more rapid decrease on increasing predict a spin gap, with a different origin depending on
temperature. In our opinion, these two effects cannot be athe model. In the framework d@ft’-J model using the slave-

tributed to vanishing magnetic correlation lengths, neither inyson representaticfi,a gaplike behavior has been obtained
the CuQ planesas the intraplang width does not exhibit 5 7 \which is associated with the building of some singlet

any sizable change either with temperature or with dopingaie resonating valence bofl@VB statd. It is in contrast

for x=0.8 (Ref. 10], nor between the Q@) layers(as the it the weak-coupling lim# or in the infiniteU limit of

AF coupling is conserved in the overdoped regime the p-d modeP where the gap iy’ exists due to the opening
From the above discussion, no magnetic intensity seemgs e superconducting gap. However, in most of these ap-

to occur in the normal state. However, as suggested gfroaches, the observed energy line shapg’d badly re-

T=95.6 K in Fig. 6, a weak magnetic contribution may re- nroqyuced becausé) a single contribution is generally ex-

main aboveT, with almost one order of magnitude less in- pected above the energy gdi) a tail in " exists up to an

tensity. Due to its weakness, the determination of the energ¥nergy of the order of the hopping parameiter0.5—2 eV

dependence of this inten;ity is far outside 'ghe bounds of OUfhdeed, these models cannot explain the disappearance of

data. However, they put limits on the amplitude of AF fluc- magnetic intensity above some high-energy cutoff. In some

tuations in the normal state of the overdoped regime. Moreys these theories. the wave-vector dependencg dbes not
over, a low-energy study dw=10 meV which emphasizes 5155 correspond to the experimental oné:is sometimes

t_he temperature de_pendence,\dfin the normal state con- t5und not only maximum at the AF wave vector for the
firms such a magnitud®.In any case, more accurate data YBCO systent223

have to be collected to clarify this point. In contrast,two magnetic contributionso y’ have been

obtained with thet-t’-J model, but using a diagrammatic
IV. DISCUSSION technique for the Hubpa}rd operatéfsThe first one qrises
from the subsystem of itinerant charge carriers and is analo-
To summarize, in the overdoped state of YBCO,gous to the magnetic susceptibility obtained in the weak-
X'(Q,hiw) is characterized in the superconducting state bycoupling approack® The second one corresponds to the lo-
two dynamical contributions associated with two differgnt calized spin subsystem with short-range AF correlations
widths and restricted to aarrow energy range around 40 associated with two-spinon spectral function. The key point
meV. However, these components cannot be separated in twe that both contributions are strongly coupled. Therefore,
independent parts. The whole spectrum displays a spin gagheir interrelation may account for many features of the spin
Es~33 meV, which is larger than in the underdoped regimedynamics in YBCO.
Both magnetic contributions rapidly decrease upon increas- In this approach, the gap iy’ results from the opening of
ing the temperature with no sizable transfer of intensity tothe superconducting gap whereas the pseudogap effect is re-
lower energies. In particular, the resonance feature vanishésted to some ideal gap in the localized spectral band which
at the superconducting transition temperature giving strongs filled due to spinon damping. The resonance peak arises
support that these magnetic fluctuations are intrinsicallyfrom the itinerant contribution in the presence of supercon-
coupled to superconductivity. In the normal state, both conductivity and vanishes in the normal state. Upon doping, the
tributions are replaced by a much weaker contribution whichtwo contributions show opposite evolution: the intensity of
may exist over a broad energy range. However, the details dfinerant-hole contribution increases with doping whereas the
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localized-spin contribution is reduced as a consequence of Therefore, the itinerant-hole magnetistfrermi-liquid-

the decreasing of the short-range AF correlations. Because dfpe picturg cannot account for the spin dynamics observed

their competition, different types of spin dynamics can bein the YBCO system. However, this picture may be valid in

observed as a function of doping. Deeply in the overdopedhe case of strong overdoping. Nevertheless, if we consider

regime, the localized-spin part becomes negligible whicthat a Fermi-liquid picture applies to the overdoped regime

leads to a Fermi-liquid-type picture. in YBCO, our experimental results show that the magnetic
This description appears to be in good agreement with theontribution in such a limit is rather weak and hardly signifi-

shape ofy” as deduced in our INS experiments. Especially, itcant in INS experiments in the normal state.

gives a consistent physical picture of the spin dynamics in

the metallic state of cuprates with doping, from the weakly C. INS experiments as a test of the superconducting

doped to the heavily doped regimg. is peaked at the AF gap symmetry

wave vector in YBCO, and a continuous shift of its maxi-

mum to higher energy is expected on increasing ddfiag Assuming that the spin gap et, ) wave vector is due to

L ‘ : B ~ the opening of the superconducting gaf;*>**predictions
itis clearly observed in INS experimertt$” However, mag have been made to test the symmetry of the superconducting

netic correlations are still expected at high energies in th%rder arameteér?® In YBCO. aq scan performed below the
heavily doped regime where very small AF intensity is de- P ' - ad P

tectable in experiments. Nevertheless, in contrast with mosifr'lz]cgﬁg ZE[ Itc;]vg fg?jg?raé?r:; T(haogtj )ri\/(%a;:od?:)bl[?g)eaked
thegries, Onufrieva and Rossat-Migibd show that P e o

" ; ) g=0.35 andq=0.65 in Fig. Ic)], if the system is indeed a
i(egal?F:fwt)g]ehisor?]p:/eeti?i/olr?vgfamghwv%e cfgn?rli%z tg;esr.g{natshéicleand—wave superconductor. No correlated intensity is size-

overdoped regimey” has not yet been calculated in this able at these nodal poinfsee Fig. 1c)] which suggests that

approach. However, because the localized spin part is ré[he superconducting gap symmetry is not cldamave. Such

duced upon doping, qualitative agreement with experiments double structure of a zone diagomabcan has never been
is expeclt)ed ping. q 9 P ?eported in YBCO. However, these nodal contributions can

be very weak compared to the magnetic intensity measured
above the gafJ yielding a nonsizable effect. Therefore, this
criterion may be not sufficient to test tltg2_,2 supercon-

ducting state in absence of any clear positive evidence.
Let us now consider a simple itinerant magnetism picture

wherg magnetic quctuatllons., arise from_charge-carrler spin- V. CONCLUSION
density fluctuationd* This situation, which may occur in
cuprates if the hole contribution is strong enough, has been To summarize, we have shown that in the overdoped re-
proposed in the weak-coupling limit of the one-band Hub-gime of YBCO the magnetic response is restricted over a
bard modet® as well as in the infinitdJ limit of the p-d  limited energy rangéiw=33—46 meV in the superconduct-
model® In such a case, the noninteracting magnetic suscepng state. Especially, we have found a spin gap which con-
tibility is described in the normal state as a Lindhard func-tinues to increase compared to the heavily doped regime. In
tion and is an increasing function of the hole-filling number.addition, ¥"(Q g ,7w) is strongly temperature dependent be-
Thus, as the doping increases from underdoped to overdopdaw T., which can be accounted for by the existenceévas
regime, the itinerant magnetism contribution should be eneontributions characterized by two differeng widths. A
hanced. However, our experiments have shown, in clear corresonant contribution appears to be strongly connected with
trast to the itinerant-hole picture, a marked reduction of thesuperconductivity since it disappearsTat. The resonance
weight of ¥’ aboveT, going from YBCQ 4, to YBCO,.1°  feature is now reported fax>0.9 by all groups®’**°be-
Therefore, assuming that the itinerant-hole picture can detween 38 and 41 meV depending eitherTnor on thetrue
scribe, in some limit, the spin fluctuations in YBCO, the oxygen content in each sample. A nonresonant contribution
doping dependence of’ indicates that only the overdoped is shown by both the), andT dependences of’. This part
regime can be considered nearby such a possibility. Moreis strongly reduced with increased doping as it can be seen
over, to account for the evolution of’ with doping, the from comparison o for different oxygen content®.These
short-range AF correlations, the intensity of which obviouslyAF dynamical correlations are strongly temperature depen-
decreases with doping, should appeay/iras it is suggested dent, being nearly suppressed above the superconducting
in the strong-coupling limit® The significant reduction in transition. In the normal state, AF fluctuations may be nev-
the weight ofy” as oxygen is added has been also obtained irrtheless sizeable but with an intensityasfe orderof mag-
the infiniteU limit of the p-d modeP when an additional nitude smaller. Suci and doping dependences may explain
Ruderman-Kittel-Kasuya-Yosida exchange interaction iswhy the second part of’ is not reported by the other
considered. group$'¥®in the overdoped regime. Very recently, the effect
In the superconducting state, the itinerant-hole pictureof zinc impurities on these AF fluctuations have been empha-
predicts that spin fluctuations are suppressed below the sgized in the superconducting state of fully oxygenated
perconducting gaps>* But they are expected at high energy sample?® These results clearly show a strong reduction of
up to an energy scale given by the hole bandwidth. In INShe resonance feature by substitution of only 2% of zinc
experiments, a high-energy cutoff is observed at muchT.=69 K). Then, the existence of the resonance feature in
smaller energy than the hole bandwidth value. Moreover, thithe superconducting state of YBG@ a key issue for mag-
cutoff is sharper with increasing doping rate, again contrarynetism in cuprates which should be addressed by any theo-
to what can be expected from usual itinerant magnetism. retical model.

B. Itinerant-hole magnetism picture
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